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The influence of solid state fermentation (SSF) by Trichoderma spp. on the solubility, total phenolic content, antioxidant, and antibacterial activities of turmeric was determined and compared with unfermented turmeric. The solubility of turmeric was monitored by increase in its phenolic content. The total phenolic content of turmeric extracted by 80% methanol and water after SSF by six species of Trichoderma spp. increased significantly from 2.5 to 11.3-23.3 and from 0.5 to 13.5-20.4 GAE/g DW, respectively. The antioxidant activities of fermented turmeric were enhanced using 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) (ABTS), and ferric ion-reducing antioxidant power (FRAP) assays. The antibacterial activity of fermented turmeric against human-pathogenic bacteria Escherichia coli, Streptococcus agalactiae, Staphylococcus aureus, Entreococcus faecalis, Methicillin-Resistant S. aureus, Klebsiella pneumonia, and Pseudomonas aeruginosae showed a broad spectrum inhibitory effect. In conclusion, the results indicated the potentials of using fermented turmeric as natural antioxidant and antimicrobial material for food applications. Key words: turmeric; fermentation; phenolic content; antioxidant; antibacterial
The quality of food included nutritional values and bioactive compounds exerting positive effects on human health. 1) Phenolic compounds were considered natural antioxidants and represented an important group of bioactive compounds in foods. 2) Generally, fermentation has been used to improve product properties. The micro-organisms modified the plant constituents during fermentation. 3) Many biochemical changes occur during fermentation, leading to alter the bioactivity and digestibility properties of the plant components. 4, 5) solid state fermentation (SSF) had been used to increase the phenolic contents in foods followed by enhancing their antioxidant activity. Black beans containing isoflavones, vitamin E, saponins, carotenoids, and anthocyanins. 6) The SSF of these beans to prepare koji by fungi enhanced the antioxidant properties of the beans which are related to the increase in phenol and anthocyanin contents. 7) New potent antioxidative o-dihydroxyisoflavones in fermented Japanese soybean products have been detected. 8) Another valuable application of SSF was to increase the bioactive phenolic compounds of the agro-industrial residues. The agroindustrial residues including seeds, peels, husks, and whole pomace were generated every year in the form of wastes. A number of agro-industrial residues had been used as solid substrates in SSF processes for the production of different bioactive phenolic compounds. [9] [10] [11] [12] [13] Turmeric (Curcuma longa L.) has been used for preparing traditional Indian curries for hundreds of years as a flavor, color, and preservative. Major activities of turmeric chemical constituents included significant antioxidant capability. 14) The activities of turmeric constituents that have been demonstrated include their capabilities to fight against Alzheimer's disease, arthritis, allergies, digestive ailments, depression, and cancer. 15, 16) Much work has been carried out on the antioxidant and related anticancer activities of compounds derived from turmeric rhizomes. The curcuminoids [i.e. curcumin (1,7-bis(4-hydroxy-3methoxyfenil)-1,6-heptadiene-3,5-dione), demethoxycurcumin, and bisdemethoxy-curcumin] were major antioxidative compounds of turmeric. 17, 18) Further studies revealed that curcumin was a potent quencher of singlet oxygen species. 19) Curcumin may suppress cancer development by inhibiting enzymes that lead to tumor production. 20) The major problem with the limitation of applicability of curcumin as a health promoting agent is its extremely low solubility in aqueous solution and its poor bioavailability. 21, 22) To increase aqueous solubility of curcumin, copolymer micelle, liposome, polymeric nanoparticle, lipid-based nanoparticle, complexation with soybean, and hydrogel-based encapsulation had been made. [22] [23] [24] [25] [26] Therefore, the objective of this work was to evaluate the influence of SSF by Trichoderma spp. on the solubility of commercial turmeric which was monitored by an increase in its phenolic content and antioxidative activity. The antibacterial properties of fermented turmeric were also studied.
Materials and methods

Plant material.
Commercial turmeric (Curcuma longa L.) was purchased from local market of Jeddah, Kingdom of Saudi Arabia.
Trichoderma. Trichoderma spp., T. pseudomonas, T. V6, T. verins, T. viride, T. reesei, and T. harzianum, were cultivated and maintained on slants of potato dextrose agar powder. The slants were grown at 28°C for seven days and stored at 4°C. Turmeric (2 g) taken into an Erlenmeyer flask (25 mL) was added with 2 mL of distilled water, contents of flask were mixed and autoclaved at 121°C for 15 min. Spore suspension of Trichoderma spp. was used as the inoculum. Inoculum flasks were incubated at 28°C for seven days.
Phenolic compounds extraction.
Phenolic compounds of fermented matter were extracted by shaking at 150 rpm for 24 h with 10 mL of solvents (1:10, w/v) of various polarities including distilled water or methanol (80%). The suspension was centrifuged at 7000 rpm for 10 min and the supernatant was designed as a phenolic extract.
Estimation of total phenolic content by the Folin-Ciocalteu test.
Total phenolic content was measured according to Velioglu et al. 27) Fifty μL of the phenolic extract was mixed with 100 μL Folin-Ciocalteu reagent, 850 μL of methanol, and allowed to stand for 5 min at ambient temperature. A 500 μL of 20% sodium carbonate was added and allowed to react for 30 min. Absorbance was measured at 750 nm. Total phenolic content was quantified from a calibration curve obtained by measuring the absorbance of known concentrations of gallic acid. The results are expressed as mg gallic acid equivalent (GAE)/ g dry weight.
Determination of curcumin.
Total curcumin content was measured according to Hines et al. 28) A standard curve of absorbance vs. known concentrations of pure curcumin was drawn. The absorbance was read at 425 nm. The curcumin concentrations of samples were calculated from the standard curve.
DPPH radical scavenging assay.
Free radical scavenging activity of methanol extract was determined using 1,1-diphenyl-2-picrylhydrazyl (DPPH) method. 29) A phenolic extract (0.1 mL) was added to 0.9 mL of freshly prepared DPPH methanol solution (0.1 mM). An equal amount of methanol was used as a control. After incubation for 30 min at room temperature in the dark, the optical density (OD) was measured at 517 nm using a spectrophotometer. Activity of scavenging (%) was calculated using the following formula:
IC 50 value is the inhibitory concentration as μg GAE of the test sample that decreases 50% of the initial radical. The IC 50 values were calculated from the dose responses curves.
ABTS radical cation decolorization assay.
2,2′azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) (ABTS) also forms a relatively stable free radical, which decolorizes in its non-radical form. The spectrophotometric analysis of ABTS Áþ scavenging activity was determined according to the method of Re et al. 30) ABTS Áþ was produced by reacting 7 mM ABTS in H 2 O with 2.45 mM potassium persulfate, and the mixture was stored in the dark at room temperature for 16 h. The ABTS Áþ solution was diluted to give an absorbance of 0.750 ± 0.025 at 734 nm in 0.1 M sodium phosphate buffer (pH 7.4). One mL of ABTS Áþ solution was added to crude methanol extract. The absorbance was recorded 1 min after mixing and the percentage of radical scavenging was calculated relative to a blank containing no scavenger. The extent of decolorization was calculated as percentage reduction in absorbance. The scavenging capability of test compounds was calculated using the following equation:
Ferric reducing antioxidant power assay (FRAP). The procedure described by Benzie and Strain 31) was used with minor modification. The principle of this method is based on the reduction in a ferric 2,4,6tripyridyl-s-triazine complex (Fe 3+ -TPTZ) to its ferrous, colored form (Fe 2+ -TPTZ) in the presence of cantioxidants. The FRAP reagent contained 2.5 ml of a 10 mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl, 2.5 mL of 5 mM FeCl 3 , and 25 ml of 0.3 M sodium acetate buffer, and pH 3.6. It was prepared daily and warmed to 37°C. Aliquots of 200 μL of methanol extract were mixed with 1.8 ml of FRAP reagent and the absorbance of the reaction mixture was measured spectrophotometrically at 593 nm after incubation at 37°C for 10 min. Aqueous standard solutions of FeSO 4 . 7H 2 O (20-100 μM) were used for the calibration curve and the results were expressed as the FRAP value (μM Fe(II). EC 50 value is the effective concentration as μg GAE of the test sample that released 0.05 mM FeSO 4 . The EC50 values were calculated from the dose responses curves.
Determination of antibacterial activity of phenolic extract.
Microbial suspension in sterile water containing 10 8 CFU/mL of pathogenic bacteria was adjusted to McFarland No. 0.5 standard turbidity. 32) The bacterial inoculum is uniformly spread using sterile cotton swab on a sterile Petri dish Muller Hinton agar. Crude antibacterial compounds were added to each of the 5 wells (7 mm diameter holes cut in the agar gel, 20 mm apart from one another). The system was incubated for 24 h at 36°C ± 1°C, under aerobic conditions, except for Streptococcus pneumonia which incubated under anaerobic condition using carbon dioxide (8%) incubator. After incubation, confluent bacterial growth was observed. Inhibition of the bacterial growth was measured in mm. Tests were performed in duplicate. 33) Minimum inhibition concentration (MIC) test. Microdilution Method: Prepare antibacterial agent: 100 μL and 10 mg of augmentin (as control) was separately dissolved in 1 mL of Muller Hinton broth. Prepare a standardized inoculum using growth method as mentioned above. Minimal inhibitory concentration (MIC) was determined by microdilution broth following the procedure recommended by the National Committee for Clinical Laboratory Standard 34) (formerly the NCCLS), according to protocols M7-A7. Augmentin was used as the reference compound for bacteria. Pathogenic bacteria were used as quality control strains. The volume of Muller Hinton broth in the well was 0.1 mL and the inoculum volume was 0.005 mL, then the 0.5 McFarland suspensions (1 × 10 8 CFU/mL) should be diluted 1:10 to yield 10 7 CFU/mL. When 0.005 mL of this suspension was inoculated into the broth in wells, the final test concentration of bacteria was approximately 5 × 10 5 CFU/mL (or 5 × 10 4 CFU/ well in the microdilution method). To prevent drying, seal each tray in a plastic bag, with plastic tape, or with a tight-fitting plastic cover before incubating.
Incubation.
Incubate the inoculated microdilution trays at 35 ± 2°C for 16-20 h in an ambient air incubator. To maintain the same incubation temperature for all cultures, do not stack microdilution trays more than four h.
Determining MIC end points. The MIC is the lowest concentration of antimicrobial agent that completely inhibits growth of the organism in microdilution wells as detected by the unaided eye. Viewing devices intended to facilitate reading of microdilution tests and recording of results may be used as long as there is no compromise in the ability to discern growth in the wells. Compare the amount of growth in the wells or tubes containing the augmentin or phenolic extract with the amount of growth in the growth-control wells (no antimicrobial agent) used in each set of tests when determining the growth end points. For a test to be considered valid, acceptable growth (≥2 mm button or definite turbidity) must occur in the growth-control well.
Susceptibility testing (Time-Kill kinetics).
Timekill kinetics is obtained using peak concentration of MIC for phenolic extract and augmentin in Muller Hinton Broth for each bacterial strain. Prior to the time-killing kinetics experiments, several colonies of each bacterial strain were incubated aerobically overnight in Muller Hinton Broth. Cultures were incubated at 37°C in aerobic trays, phenolic extract or augmentin solutions were added to each well to produce antibiotic concentrations as described above. No antibiotic was added to the control well. Cultures were then incubated at 37°C under aerobic conditions. At pre-determined time points of 0, 2, 4, 6, 8, 10, 12, and 24 h following the incubation of phenolic extract and augmentin separately into the wells, 0.001 μL using sterilized loop samples of the cultures were withdrawn aseptically and streak on blood agar plate evenly over the surface of the medium in three directions, rotating the plate approximately 60°to ensure even distribution. With the Petridish lid in place, allow 3-5 m (no longer than 15 m), for the surface of the agar to dry and incubated at 36°C for 24 h. Bacteria colonies were counted using plate counter.
Statistical analysis.
The statistical analyses were performed by a one-way ANOVA and the Student's t-test. The results were expressed as means ± S.E. Difference is considered significant when p < 0.05.
Results and discussion
The major problem with the limitation of applicability of commercial turmeric as a health agent was its low solubility in aqueous solution and its poor bioavailability. The absorption, biodistribution, metabolism, and elimination studies of curcumin as one of important compound of turmeric have poor absorption, rapid metabolism, and elimination of curcumin. 21) Numerous techniques have been used to provide longer circulation, better permeability, and resistance to metabolic processes of curcumin. 21) In the present study, the SSF of the turmeric by Trichoderma spp. was performed depending on many biochemical changes occur during fermentation. 4, 5) SSF had been used to increase the phenolic contents in foods followed by enhancing their antioxidant activity. Curcumin was a natural polyphenolic compound which had antioxidant activity. The solubility of turmeric was monitored by increase in its phenolic and curcumin contents ( Table 1 ). The very low phenolic and curcumin contents were detected in turmeric extract by 80% methanol (2.5 mg GAE and 0.5 mg curcumin/g DW) and water (0.5 mg GAE and 0.12 mg curcumin/g DW). The phenolic and curcumin contents of turmeric extracted by 80% methanol and water after SSF by six species of Trichoderma spp. increased significantly (p < 0.05). The highest phenolic and curcumin contents were detected after fermentation by T. reesei (23.3 mg GAE and 6.8 mg curcumin/g DW) and T. verins (20.4 mg GAE and 5.1 mg curcumin/g DW) which extracted by 80% methanol and water, respectively. Tapal and Tiku 22) reported that one percentage (w/v) soy protein isolate-curcumin complex in water would give 8.9 μg/ml solubilized curcumin, compared to solubility of 11 ng/mL of curcumin in water. 35) The DPPH radical has been widely used for the evaluation of free radical scavenging activity because of the ease and convenience of the method. The method is based on the reduction in DPPH solutions at 517 nm, in the presence of a hydrogen-donating antioxidant. 36) Phenols have been reported to be potent hydrogen donors to the DPPH radical. 37) The free radical scavenging activity of phenolic extracts from turmeric and fermented turmeric by 80% methanol and water was measured as IC 50 value and the results are shown in Table 2 . The IC 50 values obtained from the phenolic extract of turmeric and fermented turmeric and extracted by 80% methanol and water increased significantly (p < 0.05) from 38 to 12.5-23 μg GAE and from 142 to 75-103 μg GAE, respectively ( Table 2) . Solvents had significant effects (p < 0.05) on DPPH scavenging capacity determination for phenolic extracts from turmeric and fermented turmeric. The results indicated that the phenolic extracts by 80% methanol as a solvent in both turmeric and fermented turmeric showed significantly higher DPPH radical scavenging activity (p < 0.05) than those with water. This trend was not similar to that observed for phenol content, where the phenol content was approximately similar for 80% methanol and water. It can be concluded that the phenolic compounds in two extracts were different and the phenolic compounds extracted in 80% methanol were more sensitive for reduction in DPPH than those extracted in water. Our results concerning IC 50 were similar to those reported for SSF of apple pomace using Phanerocheate chrysosporium, where the IC 50 ranged from 12.24 to 23.42 μg DW sample using DPPH. 9) The IC 50 (7-9 g/L) of fresh and dried rhizomes from four clones of turmeric was very high using DPPH assay. 14) The EC 50 value for pure curcumin was 34.86 μg, 38) which was higher than that reported for fermented turmeric extracted by 80% methanol in the present study.
ABTS also forms a stable free radical, which decolorizes in its non-radical form. 39) The spectrophotometric analysis of ABTS Áþ scavenging activity was determined according to the method of Re et al. 30) The antioxidant was added to ABTS Áþ solution and the remaining ABTS Áþ is quantified spectrophotometrically at 734 nm. 40) The IC 50 values obtained from the phenolic extract of turmeric and fermented turmeric by 80% methanol and water increased significantly (p < 0.05) from 3.5 to 0.55-0.71 μg GAE and from 7.0 to 0.21-0.52 μg GAE, respectively ( Table 3 ). On the contrary of DPPH assay, the phenolic extracts by water as solvent, in both turmeric and fermented turmeric showed significantly higher ABTS radical scavenging activity (p < 0.05) than those with 80% methanol. The sensitivity of fermented curcumin toward ABTS is higher than that reported for pure curcumin (EC 50 18.07 μg). 38) The FRAP assay measures the ability of antioxidants to reduce the ferric 2,4,6-tripyridyl-s-triazine complex [Fe(III)-(TPTZ) 2 ] 3+ to the intensely blue colored ferrous complex [Fe(II)-(TPTZ) 2 ] 2+ in acidic medium. 31) The EC 50 values obtained from the phenolic extract of turmeric and fermented turmeric by 80% methanol and water increased significantly (p < 0.05) from 68 to 12.39-34.97 μg GAE and from 136 to 38.3-93.4 μg GAE, respectively (Table 4 ). In agreement with DPPH assay, the phenolic extracts with 80% methanol as a solvent, in both turmeric and fermented turmeric showed significantly higher formation of FeSO 4 (p < 0.05) than those with water.
Several studies have shown that phenolic compounds caused damage to the membrane leading to efflux of cellular component of bacteria. 41) Gram-positive (e.g. B. subtilis) and gram-negative (e.g. E. coli) bacteria can have different sensitivities due to the differences in the cell membrane components and the structure of the membranes and cell walls. 42) In the present study, the fermented turmeric extracts by some Trichoderma spp. extracted by water and 80% methanol were had antibacterial activity against all human-pathogenic bacteria tested, where the inhibition zones ranged from 10 to 30 mm. The large inhibition zone was detected against MRSA (30 mm) by turmeric fermented by T. reesei and extracted by 80% methanol and was statistically significant (p < 0.05).
The minimum inhibitory concentration (MIC) of fermented turmeric by some Trichoderma spp. extracted by water and 80% methanol against EC, SA, SAU, EF, MRSA, KP and PA was detected and augmentin was used as control ( Table 5 ). The low MIC was detected for phenolic content of turmeric fermented by T. reesei which extracted by 80% methanol and water, where MIC ranged from 7.5 to 125 μg/mL and was statistically significant (p < 0.05). These values less than that reported for phenolic content of turmeric fermented by T. pseudomonas (220-525 μg/mL) and T. virens (200-800 μg/mL) and also augmentin as control (25-390 μg/mL). However, the antibacterial activity of nanocurcumin against S. aureus, B. subtilis, E. coli, and P. aeruginosa showed higher inhibitory effect against all micro-organisms compared with curcumin, with inhibition zone ranged from 9 to 20 mm. MIC of nanocurcumin for S. aureus, B. subtilis, E. coli, and P. aeruginosa was 100, 75, 250, and 200 μg/mL, respectively, compared to 150, 100, 300, and 250 μg/mL for curcumin. 43 ) Turmeric oil was also tested for antibacterial activity by pour plate method against Bacillus cereus, B. coagulans, B. subtilis, S. aureus, E. coli, and Pseudomonas aeruginosa with inhibitory concentration ranged from 50 to >200 ppm. 44) In the present study, the time-kill curves of phenolic content of turmeric fermented by T. reseei and extracted by 80% methanol and water are shown in Figs. 1 and 2 .
Bacterial density for EC, SA, SAU, EF, MRSA, KP and PA rapidly increased to a plateau of 1300 × 10 3 CFU/mL in the absence of fermented turmeric and augmentin. The pattern of time-kill curves of fermented turmeric and augmentin was similar. All bacteria were completely dead after 4-10 h incubation. Muna et al. 45) reported that the synergistic effects of curcumin and a selected antibiotic (OXI) on S. aureus were performed using time-kill assay. Curcumin alone and OXI alone did not induce cell death after 24 h incubation. When used together, 1/2MIC curcumin + 1/2MIC OXI caused an over 3 log10-fold reduction in the bacterial count after 24 h. In conclusion, the present study detected that the fermentation with Trichoderma spp. greatly enhanced the content of the total phenolic compounds and improved properties of turmeric followed by enhancing their antioxidant activity. Furthermore, the results revealed that the antioxidant activity of the extracts varied with the extraction solvents. This study was also reported the potential of fermented turmeric as an effective antibiotic against human-pathogenic bacteria as well as the possibility of substantially reducing the use of existing antibiotics.
